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Jianbo Jiang ¥, Student Member, IEEE, Shangzhi Pan
Fei Liu", Senior Member, IEEE, Xiaoming Zha

Abstract—Single-phase single-stage nonisolated photovoltaic
(PV) grid-tied inverters mainly suffer from issues of the common-
mode leakage current and double-line-frequency power oscillation.
Aiming to address these issues, this article designs a new single-
phase PV grid-tied inverter with only two switches. The structure of
the proposed inverter allows the neutral line of the alternating cur-
rent (ac) grid to be directly connected to the negative pole of the PV
panel so that the common-mode leakage current can be completely
eliminated. Additionally, a power decoupling method is proposed
to suppress the double-line-frequency power oscillation. Then an
improved control strategy is presented in this article to solve the
stability problem of the proposed inverter when it is connected to
a weak grid. It should be noted that the designed inverter can also
output reactive power, achieve zero-voltage switching, track the
maximum power point, and step up the input voltage. The validity
of the proposed inverter and improved control strategy is verified
by simulation and experimental results.

Index Terms—Common-mode leakage current, double-line-
frequency power oscillation, photovoltaic (PV) grid-tied inverter,
power decoupling method.

I. INTRODUCTION

LEAN energy generation, such as photovoltaic (PV) gen-
C eration, is becoming increasingly popular due to its ad-
vantages of being pollution free and renewable. The form of
PV generation includes large-scale PV plants and small-scale
distributed PV generation, in which distributed PV generation
is an important part of PV generation. PV generation is direct
current (dc), but current utility grids are mainly dominated by al-
ternating current (ac); therefore, an inverter is needed to integrate
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PV generation into the utility grid. Single-phase single-stage
nonisolated inverters, due to their advantages in terms of size,
cost, and efficiency, have become the first choice for distributed
PV grid-connected applications [1].

However, single-phase single-stage nonisolated inverters suf-
fer from the issue of the common-mode leakage current, re-
sulting from the absence of transformers [2]-[4]. The hazards
of the common-mode leakage current include a decrease in the
lifetime of the PV panel [5], electric shock [6], and electromag-
netic interference [7]. There are many solutions to eliminate
the common-mode leakage current, and these solutions can be
divided into two categories. One category of solutions is to add
auxiliary switches to a single-phase full-bridge inverter to cut
off the common-mode current path, such as an HS inverter [8],
H6 inverter [9], HERIC inverter [10], or active virtual ground
inverter [11]. The operation principles of these inverters are to
isolate the PV panel from the ac grid during a certain operating
interval to diminish the common-mode leakage current [7].
However, these inverters all need to add additional semiconduc-
tor devices, which increases the control complexity and reduces
the efficiency [5]. The other category of solutions is to propose a
topology that shares one common terminal between the PV panel
and the ac grid [5]. In [5], a four-switch single-phase inverter
with buck—boost capability is introduced, and this approach
is feasible for PV grid-tied applications. Yet, different control
strategies for different ac voltage polarities are needed, which
increases the control complexity. Based on the charge pump
circuit concept, a single-phase transformerless inverter that elim-
inates the common-mode leakage current is proposed in [6]; this
solution is an inverter without a boost capability. A modified
Y-source PV grid-connected inverter is proposed in [12], and this
solution allows the negative terminal of the PV panel to directly
connect to the neutral line of the AC grid, and then, the leakage
current is eliminated completely. However, the structure of this
inverter is relatively complicated and the cost is high. In [13], a
series of flying capacitor single-phase transformerless inverters
are proposed, and these inverters are either common ground
or common positive. In [14], a common ground single-phase
inverter is also proposed, but it contains five switches, which
make the topology and control strategies more complicated.


https://orcid.org/0000-0002-6645-8773
https://orcid.org/0000-0001-9316-7798
https://orcid.org/0000-0003-1832-8111
https://orcid.org/0000-0002-1102-891X
https://orcid.org/0000-0003-0435-639X
mailto:jianbo_jiang@whu.edu.cn
mailto:shangzhi.pan@whu.edu.cn
mailto:gongjinwu@whu.edu.cn
mailto:dyj_lf@163.com
mailto:xmzha@whu.edu.cn
mailto:zyz_joe@163.com
https://ieeexplore.ieee.org

JIANG et al.: LEAKAGE CURRENT ELIMINATED AND POWER OSCILLATION

Single-phase single-stage nonisolated inverters also have the
problem of double-line-frequency power oscillation [15], [16].
Regrettably, none of these previous studies take this problem into
account. Double-line-frequency power oscillations will cause
double-line-frequency voltage fluctuations across the PV termi-
nals [17], and then, a high-capacity capacitor needs to be em-
ployed on the dc side, which results in an increase in the inverter
size. Due to the capacitance requirements, electrolytic capacitors
must be applied, but their service lives are limited [18]. There
are other methods to suppress double-line-frequency power os-
cillation. In [19], an active power decoupling circuit is added to
a single-phase dual-buck inverter. However, more switches and
components are required, which increases the complexity of the
system and control strategies. In [20], an active buffer is installed
on the dc side of the inverter to reduce the double-line-frequency
voltage fluctuations, and this method also requires additional
switches and components. Similarly, these two studies [20], [21]
cannot solve the problem of common-mode leakage currents.
In addition, an improved modulation strategy is proposed for a
quasi-Z source inverter to suppress double-line-frequency power
oscillations [15], but it is only applicable for Z-source derived
inverters.

Only a small amount of research addresses both the common-
mode leakage current and double-line-frequency power oscilla-
tion issues. A Cuk-derived single-phase inverter [17] has been
proposed. This inverter allows the negative pole of the PV
panel to directly connect to the neutral line of the ac grid and
applies an embedded decoupling capacitor to handle the issue
of power oscillation. Yet, this kind of inverter contains five
switches and requires diverse control strategies for different
ac voltage polarities. A dual-buck based nonisolated inverter is
introduced to suppress the leakage current and power oscillation
[21], and this inverter requires a higher dc side voltage than
a single-phase full-bridge inverter. Xia et al. [22] presents a
doubly grounded transformerless PV inverter that can address
both the leakage current and power oscillation issues. However,
this proposed converter also requires a higher dc side voltage
than the conventional H-bridge inverter.

Aiming to address the issues outlined above, this article
proposes a single-phase single-stage nonisolated inverter [23]
for distributed PV grid-tied applications. This proposed inverter
is composed of two switches, two capacitors, two inductors, and
a diode. The designed inverter shares a common terminal with
the PV panel and ac grid so that the common-mode leakage
current is completely eliminated. A power decoupling method
is developed to suppress the double-line-frequency power os-
cillation and decrease the capacitor capacitance without any
extra switches or energy storage components. The small-signal
stability of the proposed inverter system is analyzed, and the
system is found to be unstable when the inverter is connected
to a weak grid. Then, an improved control strategy is pro-
posed to solve this problem. The designed inverter can not
only eliminate the common-mode leakage current and double-
line-frequency power oscillation, but can also achieve zero
voltage switching (ZVS), has output reactive power, realize
maximum power point tracking (MPPT), and step up the input
voltage. The validity of the proposed inverter and improved
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Fig. 1. Topology of the proposed inverter.

TABLE I
SYSTEM PARAMETERS OF THE PROPOSED INVERTER

Parameter Value

51.7V,3.48 A, 100 V, 500 V
40 uF, 20 uF, 20 puF
20 pH, 3.3 mH, 3 mH
180 W, 4 A, 70V

VMPP, Ivpp, Vg, Vave_ref
Cev, C1, Co
Ly, Ly, Ly
PMPP, ISCs Voc
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Fig. 2. Schematic diagram of the proposed inverter with common-mode
leakage current path.

control strategy is verified by simulation and experimental
results.

II. OPERATING PRINCIPLES OF THE PROPOSED INVERTER

The proposed inverter is shown in Fig. 1 and contains only two
switches (S and S2), two inductors (L; and L), three capacitors
(Cq, Co, and Cy), and a diode (D). Both the L-type filter and the
LCL-type filter are suitable for the proposed inverter. An L-type
filter is selected in this paper and L is a filter inductor. Cpy is the
terminal capacitor of the PV panel. When switch Sy is turned on,
the output voltage of the proposed inverter v, is equal to —vc1,
and when switch §s is turned on, v, is equal to vco. Therefore,
the grid-connected current ir,3 can be outputted in the form of a
sine wave by adjusting the duty cycle of the switches S; and S».
The parameters of the proposed inverter are shown in Table I.

A. Common-Mode Leakage Current Analysis

The schematic diagram of the proposed inverter with the
common-mode leakage current path is shown in Fig. 2, where
C:, Zg, and i1 cakage are the parasitic capacitance between the
PV panel and ground, the impedance between the neutral line of
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Fig.3. Waveform of it,;.

the ac grid and ground, and the common-mode leakage current,
respectively. Then, the common-mode voltage of the proposed
inverter can be derived as

Ve — w. )

Since the neutral line of the ac grid is directly connected to
the negative pole of the PV panel, vi,q is equal to v, and vnq is
equal to zero in all switch states. The common-mode voltage v¢y,
is found to always equal v, /2, and there are no high-frequency
components in v.p,. Therefore, the common-mode leakage cur-
rent of the proposed inverter is completely eliminated.

B. Power Decoupling Method

The instantaneous power of the ac side of the single-phase
inverter can be derived as (2), and this power consists of the
average power and double-line-frequency power. Existing power
decoupling methods [24] require energy storage components and
switches for which the main principle is to utilize an additional
switch to buffer the double-line-frequency power into the energy
storage components to achieve power decoupling between the
ac side and the dc side. As seen in Fig. 1, the proposed topology
contains two inductors (L; and Ly) and two capacitors (C; and
Cy), where Lo is used to assist switch §; to achieve ZVS. In
contrast, capacitors C; and Co are more feasible for buffering
the double-line-frequency power, while inductor L; is only
responsible for transmitting energy

. VI cos VI cos(2wt +
DAC = VACIAC = 2 (%) + (2 ¢)~ ()

To employ capacitors C; and Ca to buffer the double-line-
frequency power so that the double-line-frequency power oscil-
lation can be suppressed, current ir,; must be a constant value.
Therefore, this paper proposes a power decoupling method
that makes inductor L; operate in the discontinuous current
mode (DCM) and changes the switching frequency. As a re-
sult, the switching periodic average of iy, is a constant value.
The proposed power decoupling method does not require any
extra switches or energy storage components, and the detailed
derivation process is as follows.

Fig. 3 shows the waveform of one switching cycle of iy,
where d; and do denote the duty cycle when iy, rises and
falls, respectively. Ty is the switching cycle, and I1,1,yc is the
periodic average of ir,;. The slope when iy,; rises and falls can
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Fig. 4.  Switching pattern of the proposed inverter.

be expressed as

diL1 _ vpv

dt Ly

dipy _ vpy—vc1—vca 3)
dt Ly .

Then, combining Fig. 3 and (3), the switching periodic aver-
age of ir,; is derived as
vpvdi(ver + ve2)

= “

2L fs(ver + vez — vpy) |

Because ipy = I1.1ave at steady state, the condition for sup-
pressing the double-line-frequency power oscillation can be
derived as

ILlave

o vpyd; (ve1 + veo) 5)
* 2ipyLi(ver + vez — vpv)
where f; is the switching frequency. It can be seen from (5) that
the double-line-frequency power oscillation can be suppressed
by adjusting the switching frequency. Since vc1 + veg is much
larger than vpy, (5) can be simplified as

f - Upvd%
*7 2ipyLy

There is no double-line-frequency component in (6), so the
double-line-frequency power oscillation on the dc side can be
eliminated.

(6)

C. Operating Principles of the Proposed Inverter

The operating principles of the two switches S; and Sy are
complementary conduction, and it is necessary to add the dead
band to achieve ZVS. The switching pattern of the proposed
inverter is shown in Fig. 4, and the switching cycle can be divided
into four stages.

The first stage is from T to 77, when switch §; is turned ON
and S is turned OFF. The equivalent circuit of the first stage of
the proposed inverter is shown in Fig. 5. The PV panel charges
inductor L. Switch S, inductor Lo and capacitor Cy form an
energy transfer loop. Switch Sy, inductor L3, capacitor Cy, and
the AC grid form another energy transfer loop. In this stage,
the current slope of each inductor and the voltage slope of each
capacitor are shown as

dir1 __ vpvy diro _ vga diLg __ TVUCc1— Vg

dt ~— Ly dt — Lo dt L3 (7)
dvcy _ in3 dvca _ ina

dt ~— Ciy°’ dt — Cy°

The second stage is a dead band from 77 to T5. In this
stage, switch S is turned OFF but switch So has not yet been
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Fig. 5. Equivalent circuit of the first stage of the proposed inverter.
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Fig. 6. Equivalent circuit of the second stage of the proposed inverter.

turned ON. The equivalent circuit of the second stage of the
proposed inverter is shown in Fig. 6, where Cg is the parasitic
capacitance between the drain and source of switch S;. Due to
the characteristic of the inductor that prevents the current from
changing, and because i1,; is much larger than ir,5 and i3 at
time 77, the antiparallel diode of switch S5 is turned ON, thereby
achieving ZVS of switch S,. At the same time, the voltage of
capacitor Cg rises rapidly to vey + veo.

The third stage is from To to T3, when switch Sy is turned
OFF and S5 is turned ON. Since inductor L; is operating in DCM,
this stage can be divided into two intervals. The first interval
is before i1,; falls to zero, and the second interval is after ir,;
falls to zero. The equivalent circuits of these two intervals of the
proposed inverter are shown in Fig. 7. In the first interval and
the second interval, the current slope of each inductor and the
voltage slope of each capacitor are shown as follows:

digy _ vpyv—vci—vee dipe _ ve1 dipg _ VC27Ug

dt Ly ) dt Lo 7 dt L3 (8)
dvcr _ dri—ine dvea _ inLi—ing

dt Cy 0 dt Ca

- _ diro _ wvweyp ding . Vo2—U
L1 = 07 dt — Lo dt Ls £ (9)
dver . —ip2 dvce _ —ins

dt Cy 0 dt Co

The last stage is the other dead band from T3 to Ty. In this
stage, switch S5 is turned OFF but S; has not yet turned ON. The
equivalent circuit of the last stage of the proposed inverter is
shown as Fig. 8. When i 2 is positive, vcs will slump to zero,
thus achieving ZVS of switch S;. However, ZVS of switch S
cannot be achieved when i1,5 is negative.
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D. Steady State Analysis

The voltage, current, and duty cycle indicated by capital letters
in this article are the steady-state values of the corresponding
variables. When the system is running in steady state, for induc-
tors Lo and L3, according to the volt-second balance principle

DiVey _ (1=D1)Ves

L- -
Dy (Vertvg) _ (1-Dy) (Vea—vy) (10)
L3 - L3 :
Based on (10), it can be further derived
VCl levg/(1—2D1) (1])
VCQ = (]. — Dl)’l)g/(]. — 2D1)
2 = tor, dha = 2o
t ) dt
dvcr 7?L21ave—7?L2 dvca 3: iLlave—%L3 (12)
dt (o} ' dt Cy '

Since the terminal voltage of the PV panel can be adjusted
to a constant value by the proposed power decoupling method,
the PV panel, capacitor Cpy, diode D, and inductor L; can be
equivalent to a constant current source with a current of it 1aye-
Then, (8) and (9) can be replaced by (12).

For capacitors C; and Cs, according to the ampere-second
balance principle:

Dyl _ (1=D1)(Jr2—In1ave)
c C
Difis _ (1=Di)(Iis—Ipiave) (13)
Cs - Cs :
Based on (13), it can be further derived
Ino = I3 (14)

E. Voltage Stress of Semiconductors

The semiconductor device in the proposed inverter contains
a diode (D) and two switches (S and S3). According to the
third stage equivalent circuit shown in Fig. 7, the voltage stress
of switch S7 is vc1 + vee. Similarly, the first stage equivalent
circuit shown in Fig. 5 shows that the voltage stress of switch S
is vo1 + voe. When iy, drops to zero, D has the highest reverse
voltage, which is vo1 + vee - vpy.

III. CONTROL STRATEGIES DESIGN AND
PARAMETERS SELECTION

A. Control Strategies Design

The first target of the proposed inverter is to output the
grid-connected current in the form of a sine wave. A PI or PR
controller can be selected to achieve this target; however, a PR
controller has better tracking performance for AC signals than a
PI controller. Therefore, a PR controller (PR) is chosen to adjust
the grid-connected current.

According to (5), the double-line-frequency power oscillation
can be suppressed by adjusting the switching frequency. How-
ever, this condition is derived based on ideal conditions and is
not robust to changes in parameters. Therefore, a PI controller
(PIr) is employed to adjust the switching frequency.

Finally, the amplitude of the grid-connected current must
also be determined. Due to the uncertainty of factors, such



6742

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

+Vc1_ +VC1
- - 1€ N— - — = -
ipy D Liiu G Ly i3 ipy C Ly i3
52 E':I_ 5> -||-
+ +
+ A + LT W
|PV|“"_';‘ Crv L i vg@ "V|”P‘_’" Crv L i vg@
+ + +
G van ch_:tcz G Yast vcz_==C2
(a) (b)
Fig. 7. Equivalent circuit of the third stage of the proposed inverter. (a) T2 <t < Ta+d2Ts. (b) Tao+d2Ts <t < T3.
e B. Parameters Selection Principles
- — -
tev G L s The capacitance of Cpy is mainly determined by the ampli-
tude of the terminal voltage switching ripple of the PV panel
+ + due to the double-line-frequency power oscillation that is han-
|pv vevaR Cpy L, s v"@ dled by capacitors C; and Cs. Similarly, the inductance of Lg
is determined by the amplitude of the grid-connected current
C, ,:+vdsl vc;_';:c ripple.
? The functions of C; and Ce (C; = C3) include buffering
S the double-line-frequency power oscillation and providing pos-
) ) o ) itive and negative voltages to the output port. The relationship
Fig. 8.  Equivalent circuit of the last stage of the proposed inverter. between the charge and discharge power of the capacitor and
the voltage is as shown in (16). When the periodic average
A sin(on) of vc1 + veo and the oscillation power are fixed, it can be
found from (16) that the smaller the capacitance, the greater
the fluctuation of the capacitor voltage, which then increases
the voltage stress of switches. Therefore, the capacitances of Cy
and C are determined by the amplitude of the oscillation power.
C(AvZ + 2vcAv

. > /Pdt: (Avg + 2voAve) (16)

Iev T Triangle 2

Vpy Generator L. .

It can be seen from (5) that L, is inversely proportional to
Fig. 9. Control block diagram. the switching frequency. An extremely low switching frequency

as the irradiance, temperature, inverter loss, and grid voltage,
the amplitude of the grid-connected current cannot be obtained
by direct calculation. Aiming to address this issue, this article
proposes an adaptive method that uses a PI controller (PI,) to
adjust the periodic average of vcq + vco to be a fixed constant to
indirectly determine the amplitude of the grid-connected current

= __2krwes
PR = kp + 52+2wcs+w§

Plp = kyp + biE

S

PIy = kpa + 52

s5)

The transfer function of the above controllers is expressed as
(15). The control block diagram is shown in Fig. 9, where v,
Vave'refs Am, Iref, aNd vier denote the half grid periodic average
of vc1 + veo, the reference value of v,., the amplitude of the
grid-connected current, the reference value of the grid-connected
current, and the reference value of PV terminal voltage,
respectively. d represents the duty cycle before normalization,
anddy =05 (d+1).

means that a larger filter inductor or capacitor is needed, and an
extremely high switching frequency will increase the influence
of parasitic parameters on the system. Assuming that the maxi-
mum allowable switching frequency is fymax (fsmax = 300 kHz)
and that the minimum switching frequency is fymin (fsmin = 20
kHz), the range of L; can be expressed as (17).

The value of L3 is mainly determined by the minimum switch-
ing frequency fumin- In addition, L, and L3 influence the stability
of the proposed inverter, and the selection principle needs to be
combined with the results of the stability analysis

{Ll > vpyd; (ve1+vos)

= 2iPstxnax2(vC1+U027UPV)
I, < vpvd] (vo1tvez)
L = 20y famin (Vo1 FvC2—0PV) |

A7)

C. Small Signal Stability Analysis and Improved
Control Strategies

Single-phase PV grid-tied inverters are usually connected
to low-voltage AC distribution networks. The characteristics
of weak grids are highlighted as the transmission distance in-
creases. Therefore, it is necessary to analyze the stability of
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Controller Model

Fig. 10.  Control block diagram of whole system.

the proposed inverter when it is connected to a weak grid. The
grid impedance is defined as L,. Combining (7) with (12), the
large-signal model of the proposed inverter can be obtained by
the state space averaging method and is expressed as
Loz = (1 —dy)ver — dyves
(Lg + L )dlL = —djvcy + (]. — dl)vcg — Vg
Crer = (dy — 1)ipe + diins + (1 — di)iLiave
Oy 82 = dyiry + (di — 1)ira + (1 — d1)iv1ave-

(18)

By linearizing the mathematical model of the controller and
the large-signal model of the proposed inverter, the small-signal
model of the whole system can be derived as (19).

Based on the small signal model shown in (19), the control
block diagram of the entire system can be obtained as shown in
Fig. 10, where LPF = 1/(0.01s + 1). It can be seen from Fig. 10
that the transfer function in symbol form is too complicated
and difficult to obtain and is not conducive to stability analysis.
Therefore, this article mainly uses matrix operations to obtain
the transfer function of the system, as shown in (20).

dgzz = 1i€)1 bop — %ﬁCZ Vc1[1ch d;
diLS _ 1ZD1 Do — 571@01 Vc1L+Vc2d L@g
t eq eq_ eq
do Di—17 D
% = 5717’]_;2 + C ZL3 + Cq dl + C ’LLl'lve (19)
do Di—1: Lo z
SR =" st g o ZL2 + qd1 + 2P0 e
Iog = Ito + Itz — ILlave,L eq = Lz + L
37 1 o 3 O ~
di = 3PR(ir3 — PIA(T55% — Dave_ret))
~ -1 N 1
t13(s) = C(sI — A)7"Byg(s) + C(sI — A)"" Bairiave(s)
-1 ~
+ C(SI - A) BSUave_ref(S) (20)

where I is the fourth-order identity matrix, C' = [0 1 0 0],

0 a2 ai3 as 0 0
0 ag2 az3 asy *Ll 0
, B = ea| By = |1- D1
a31 32 a33 A34 0 b
1—
41 Q42 Q43 Q44 0 1

Inverter Model

Bs = [b1 by by ba]", by = —0.5PR(Voy + Vo) PIa /Lo
by = —0.5PR(Ver + Voz) PIa/ Leq,

by = 0.51.4PIyPR/C,

by = 0.51.qPIyPR/Cs,

a1z = —0.5(Vey + Vo) PR/ Ly

a13 = [1 — Dy + 0.5PR(Vey + Vo) PIALPF]/ Ly

a1 = [—D1 + 0.5PR(Vey + Vo) PINLPF] /Ly

aze = —0.5(Ver + Va2 ) PR/ Leg,

azy = (D —1)/Cy,

as1 = D1 /Cq,

a23 = [~ D1 + 0.5PR(Vey + Vo) PIALPF)/ Leg
a0 = [1 — D1 + 0.5PR(Voy + Veo) PIALPF)/ Leg

[-
[

agze = [Dl + O.5quPR]/Cl,
[

asg = [D1 — 1+ 0.5I4PR]/C>
aszz = ags = —0.5I.qPR- PINLPF/C
a43 = agq = —0.5leq PR - PIALPF /Cs.
Then, the transfer function of input current it,1ave to grid-

connected current ir,3 can be obtained as follows:

G =C(sI — A)'By. 1)

To obtain a numerical expression of the transfer function, the
steady-state value of each variable at the steady-state operating
point needs to be calculated. Since the voltage and current on the
ac side of the inverter are sinusoidal, there is no actual steady-
state operating point. Therefore, a d-q transformation is required
to obtain a steady-state operating point. Under the condition of
the unit power factor, the steady-state values of the voltage and
current on the ac side are positive peak values. The steady state
value of I1,1,ye 1S equal to the output current when the PV panel
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TABLE II
CONTROLLER PARAMETERS OF THE PROPOSED INVERTER 6000F
4 I X X
Parameter Value @2 000 x X x % K
Fons Kia 0.01,0.1 Z 20000 Le ;r lfﬁl?c;e;:fnfﬁom
0 3.
kp, k. 0.3, 100 ; 0 3.26mH { 3.34mH
kor, ki 4*10°,2*107 g
e, @0 10 rad/s, 314.16 rad/s g 200
= _400 X X X X X X
150r / 1 -600 ]
X X ' ! X X X X Y Y
L >4 X X | -2 -1 -0.8 -06 -04 -02 0 02 04
2 100 %I Real Axis
; sob Cyand C, decrease from i
2 30puF 70 17!,IF Fig. 12. Root locus plots (Lg + L3 increase from 3 to 3.34 mH).
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can be approximated by Fig. 13. Diagram of the improved control strategy.
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Fig. 16.

Simulated waveform of grid-connected current. (a) Unit power factor. (b) Inductive reactive output (power factor: 0.8). (c) Capacitive reactive output

(power factor: —0.8). (d) Grid voltage sags. (e) Grid frequency sudden changes. (f) Irradiance sudden changes.

where Ajp,;, is the modified characteristic matrix based on the
improved control strategy. The matrix A;n, can be obtained by
correcting the relevant elements of matrix A based on (24). In
addition, redefine Lo = 500 H and K = 0.02.

After adopting the improved control strategy, the influence of
the grid impedance L, on the stability of the inverter is shown
in Fig. 14. The inverter will be unstable only when the grid
impedance is overlarge (L, > 6 mH). Therefore, the improved
control strategy not only makes the proposed inverter suitable
for weak grids, but also reduces the volume and weight of the
inverter.

Next, the effect of the scale factor K on the small-signal
stability of the system must also be studied. L is defined as
0, the root locus, as shown in Fig. 15, and it can be obtained
by continuously reducing K from 0.2 to 0.005. Considering the
small-signal stability and response speed of the system, K is
chosen to be 0.02.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

Based on the parameters listed in Table I and Table II, the
simulation model and the laboratory prototype were built to
verify the proposed inverter and improved control strategy.

ai3 = [L — Dy + 0.5PR(Vey + Vo) (PIALPF + K)] /Lo
a1y = [~D1 + 0.5PR(Ver + Vo) (PIALPF — K)] /Ly
ags = [—D1 4+ 0.5PR(Vc1 + Voo )(PIALPF + K)|/Leq
Qg = [1 — Dy + 0.5PR(V(31 + Vc2)(PIALPF - K)]/ch
a3 = —0.51.qPR(PIA\LPF + K)/C,

ass = —0.51.uPR(PIL\LPF — K)/C}

as3 = —0.5leqPR(PINLPF + K)/Cs

asy = —0.51.qPR(PI\LPF — K)/Cs.

(24)

A. Simulation Verification

The simulation model was built using PSIM software. When
the grid impedance is 0, the simulation shows that reducing
Vave_ref t0 350 V can also keep the system stable. Therefore,
Vave_ref 18 redefined as 350 V. Simulation verification under
conditions of the unit power factor, inductive reactive output,
and capacitive reactive output is carried out, and the waveforms
of the grid-connected current are shown in Fig. 16(a), (b), and (c).
In addition, the dynamic performance of the proposed inverter
under sudden changes in grid voltage and frequency is verified by
simulation. Fig. 16(d) shows the waveform of the grid-connected
current when a 30% grid voltage sag occurs at 0.205 seconds.
When the grid frequency suddenly changes from 50 to 48 Hz
at 0.205 seconds, the waveform of the grid-connected current
is shown in Fig. 16(e). Finally, Fig. 16(f) shows the simulation
results when the irradiance changes from 1000 W/m? to 750
W/m? at 0.205 seconds. The simulation results shown in Fig. 16
verify the effectiveness of the proposed inverter and controller
and also demonstrate the good dynamic performance of the
inverter.

Fig. 17(a) shows the terminal voltage of the PV panel, and
the peak-to-peak value of the ripple is only 1.2 V. The ripple
accounts for only 2.3% of the terminal voltage of the PV panel
and requires only a small capacitor (Cpy = 40 pF) to achieve
this. As seen from Fig. 17(b), vc1 4 vee fluctuates at a frequency
of 100 Hz, which proves that the double-line-frequency power
is handled by capacitors C; and Co. Therefore, the validity of
the power decoupling method has been verified. Additionally,
the simulation results for ZVS of the two switches S; and So are
shown in Fig. 18.

B. Experimental Verification

To further verify the accuracy of the theoretical analysis
and simulation results, a laboratory prototype was built. The
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Fig. 17.  Simulated waveform. (a) Waveform of the terminal voltage of the PV
panel. (b) Waveforms of the voltage of capacitors C; and Ca.
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Fig. 18.  Simulation results of ZVS of two switches.

laboratory prototype is shown in Fig. 19. A programmable dc
power supply is used to simulate the PV panel, and a single-phase
programmable ac power supply is used to simulate the ac grid.
Limited by the experimental conditions and considering the
safety of the test, the experimental platform built in this paper
reduces the peak voltage of the power grid from the standard
311 to 100 V, and the maximum power of the PV panels is also
reduced to 180 W. In practical applications, the inverter param-
eters can be redesigned according to the parameter selection
principles described in Section III of this article.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

inverter

Fig. 19. Laboratory prototype of the proposed inverter.

The improved control strategies, pulse width modulation,
pulse frequency modulation, phase-locked loop, and analog-
to-digital conversion are all implemented by a DSP controller
(TMS320F28335). Table II shows that k,r and kir are signif-
icantly larger. However, the DSP controller mainly utilizes the
built-in EPWM module to implement pulse width modulation
and frequency modulation. When the switching frequency is
100 kHz, the precision of the EPWM is approximately 140 Hz,
but the unit of the output of the frequency loop is Hz. Therefore,
the effects of noise and floating-point calculation accuracy on
EPWM are not significant. Additionally, an RC low-pass filter
with a cutoff frequency of 5 kHz is added to the voltage vpy
acquisition circuit to avoid interference from sampling noise.
A digital low-pass filter with a cut-off frequency of 200 Hz is
also added to the DSP controller to filter out the high-frequency
interference generated in the analog-to-digital conversion. Cpv;,
Cy, and Cy are film capacitors. The maximum power point of
the PV panel is set to 180 W, and the corresponding terminal
voltage is set to 51.7 V. It is true that the use of film capacitors
will increase the size of the inverter. However, considering the
large fluctuation range of the capacitor voltages vc and vee, the
use of electrolytic capacitors will reduce the service life of the
inverter, thereby indirectly increasing costs. Therefore, the film
capacitor is selected to realize power decoupling after weighing
its advantages and disadvantages.

Experimental verification under the condition of unit power
factor is carried out. Fig. 20 shows the waveforms of the inductor
current i1,; and iy,2, the grid-connected current ir,3, the AC grid
voltage v,, the capacitor voltages vci and vco, the terminal
voltage of the PV panel vpy, and the ZVS of switches S1
and S3. The current ripple of i3 is less than 0.15 A (4.5%).
As seen from Fig. 21, the total harmonic distortion (THD) of
i is 3.82%, which meets IEEE Std. 519-1992 (THD is less
than 5%, and the high frequency ripples are all less than 0.4%
of the fundamental component). Therefore, the effectiveness
of the proposed inverter and the improved control strategy is
verified. Furthermore, the switching frequency can be increased
by appropriately reducing the inductance of L; to suppress the
switching ripple of the grid-connected current. Fig. 20(b) shows
that the voltage ripple of vpy is only about 1 V (2%), so the
validity of the power decoupling method has been verified.
Besides, the step-up capability of the proposed inverter is also
verified (vpy < V).
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Fig. 22. Experimental results of dynamic characteristics of the proposed
inverter.

To verify the dynamic performance of the proposed inverter,
another set of experiments are performed in this paper. When
the inverter is in a steady state, the irradiance is reduced from
1000 to 700 W/m?, and the corresponding maximum power
point is increased from 51.7 to 53.3 V. The other parameters
are fixed. Fig. 22 shows the experimental results. It can be
found that the inverter has entered a new steady state after a

Efficiency (%)

100
Power (W)

Fig. 23.  Efficiency curve of the proposed inverter.

short transient process. The experimental results prove that the
proposed control strategy is robust to changes in the operating
conditions.

The efficiency of the proposed inverter under different power
conditions are measured, and the efficiency curve is shown in
Fig. 23. The energy losses of the inverter are mainly concentrated
on the turn-ON loss of switch S; when the polarity of it is
negative (Poy,), the turn-OFF loss of the switches (Pog), the
conduction loss of the switches (P ), the parasitic losses of
inductance (Pr,) and capacitance (P¢), and the conduction loss
of the diode (Pp). These losses are expressed as

Pon = fSVDSQIDton P Poff = fSVDSQIDtOff 3 Pcon = RDS?onI[z)
P, = RLII%, Pc = RCI%,PD = Vilp.
(25)
As seen in (25), both P, and P,g are proportional to the
switching frequency f;, the voltage stress Vpg, and the ON-state
current Ip. Since the ON-resistance of the switch Rpg-on, the
ESR of the inductor Ry, the ESR of the capacitor R¢ and
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the forward voltage of the diode Vg can all be regarded as
fixed parameters, Py, Pr,, Pc, and Pp only depend on Ip,
the inductor current I, the capacitor current /¢, and the diode
forward current I, respectively. The range of f; is set to (fymax
fsmin) by selecting the inductor L; reasonably, and then, f; is the
same as that used in this article under the same power condition.
Thus, Py, and P.g are only determined by Vpg and Ip. When
the proposed inverter is applied to the actual utility grid, vaye ref
needs to be increased appropriately, which inevitably causes
the voltage stress of the switch (Vpg) to increase. In an actual
utility grid, vaveret 1 selected to 500 V, which is 1.43 times the
value used in this article (350 V). Since the peak value of the
utility grid voltage is 311V, the current in (25) will be reduced
3.11 times under the same power condition. Therefore, it can
be found from (25) that applying the proposed inverter to the
utility grid will further improve the efficiency. It is true that, like
ordinary H-bridge inverters, as the power increases, Pcon, Pr,
and Pc will gradually become dominant losses and reduce the
system efficiency. However, the proposed inverter is mainly used
in low-power building integrated photovoltaic (BIPV) power
generation systems, and the resistive loss has little effect on the
efficiency.

V. CONCLUSION

In this article, a single-phase single-stage nonisolated inverter
is designed for PV grid-tied applications. The functions of the
proposed inverter include the elimination of the common-mode
leakage current, suppression of double-line-frequency power
oscillation, increase of the input voltage, achievement of ZVS,
realization of MPPT, and output of reactive power. The proposed
inverter has a simple structure with only two switches. The
reduction of switches will inevitably increase the stress on semi-
conductor devices, but it is conducive to improving the efficiency
of the inverter, and the silicon carbide MOSFET is suitable for
this application scenario. The efficiency can exceed 90% under
low-power conditions (>110 W), and a higher efficiency can be
achieved through circuit optimization design such as adjusting
the switching frequency appropriately to decrease the switching
losses or the parasitic losses of resistance and capacitance. In
addition, the inverter proposed in this article is robust to sudden
changes (voltage sag, frequency change, or irradiance change)
and is suitable for weak grids, which further increase its practical
application value.
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